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Abstract We have studied the spatial and temporal distribution of abundances of chemi-
cal elements in large “gradual” solar energetic-particle (SEP) events, and especially the 
source plasma temperatures, derived from those abundances, using measurements from 
the Wind and Solar TErestrial RElations Observatory (STEREO) spacecraft, widely 
separated in solar longitude.  A power-law relationship between abundance enhance-
ments and mass-to-charge ratios [A/Q] of the ions can be used to determine Q-values and 
source plasma temperatures at remote spacecraft with instruments that were not designed 
for charge-state measurements.  We search for possible source variations along the accel-
erating shock wave, finding one clear case where the accelerating shock wave appears to 
dispatch ions from 3.2±0.8 MK plasma toward one spacecraft and those from 1.6±0.2 
MK plasma toward another, 116o away.  The difference persists three days and then fades 
away.  Three other SEP events show less-extreme variation in source temperatures at dif-
ferent spacecraft, in one case observed over 222o in longitude.  This initial study shows 
how the power-law relation between abundance enhancements and ion A/Q-values pro-
vides a new technique to determine Q and plasma temperatures in the seed population of 
SEP ions over a broad region of space using remote spacecraft with instruments that were 
not originally designed for measurements of ionization states. 
  
Keywords: Solar energetic particles · Solar flares · Coronal mass ejections · Solar system 
abundances 
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1. Introduction 
The relative abundances of the chemical elements and isotopes have been a major factor 
in distinguishing energetic-particle sources and in understanding the physical processes 
of their acceleration and transport (e.g. Reames, 1999).    For solar energetic particle 
(SEP) events, there has been a long history distinguishing the small “impulsive” events, 
with 1000-fold enhancements of 3He/4He and of heavy elements (Z > 50)/O, associated 
with magnetic reconnection at the Sun in flares and jets, from the large “gradual” or long-
duration events, where elements with abundances more like those of the solar corona are 
accelerated at shock waves driven out from the Sun by coronal mass ejections (CMEs) 
(see reviews by Gosling, 1993; Lee, 1997; Reames, 1999, 2013, 2015, 2017; Desai et al., 
2004; Mason, 2007; Kahler, 2007; Cliver and Ling, 2007, 2009; Kahler et al., 2012; 
Wang et al., 2012).   The association of gradual events, the most intense and energetic of 
the SEP events, with CME-driven shocks has been well established (see Kahler et al., 
1984; Mason, Gloeckler, and Hovestadt, 1984; Kahler, 1992, 1994, 2001; Gopalswamy et 
al., 2004, 2012; Cliver, Kahler, and Reames, 2004; Lee 2005; Rouillard et al., 2011, 
2012; Lee, Mewaldt, and Giacalone, 2012; Desai and Giacalone 2016), although, for a 
time, this association was complicated by the fact that these shocks can also reaccelerate 
residual suprathermal ions left over from previous impulsive SEP events (Mason, Mazur, 
and Dwyer 1999; Desai et al. 2003, 2006; Tylka et al., 2005; Tylka and Lee, 2006). 
1.1 Abundances and A/Q 
Similarities of SEP abundances in large SEP events with those of the corona and solar 
wind were recognized early (e.g. Webber 1975; Meyer 1985) and Breneman and Stone 
(1985) found that the enhancement or depression of abundances in individual events var-
ied as a power law in the charge-to-mass ratio [Q/A] of each element.  As accelerated 
ions travel out along the magnetic field from the shock to an observer, they are scattered 
by magnetic irregularities, such as Alfvén waves.  This scattering depends upon the mag-
netic rigidity, or momentum per unit charge, of the particle.  If we compare different par-
ticle species at the same velocity, their difference in rigidity becomes a difference in A/Q.  
Thus an abundance ratio such as Fe/O will increase early in an event causing it to be de-
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pleted later since Fe, with a high ratio of A/Q, scatters less than O, with a lower ratio.  
Solar rotation turns this variation in time to an additional variation with solar longitude 
(see e.g. Reames 2013, 2015).  In fact, streaming particles amplify Alfvén waves, greatly 
complicating the transport in the largest events with high proton intensities (see Ng, 
Reames, and Tylka 2003; Ng and Reames 2010).  Fortunately, for most events, diffusion 
theory that assumes time-invariant scattering mean free paths [λ] which varies as a power 
of A/Q, seems adequate to explain (Reames 2016b) the temporal dependence of abun-
dance ratios which vary as a power of A/Q that is linear in t -1. 
Thus if λX of species X depends upon the particle magnetic rigidity [P] as a power 
law Pα and upon distance from the Sun [R] as Rβ we can express the ratio of the en-
hancement of X to that of O, as (Reames 2017, 2016a, b) 
X/O ≈ L  τ/ t - 3/ (2-β) rS       (1) 
where L = λX / λO = r
α = ( (Ax/Qx) / (AO/QO) )
α
 and τ = 3R2/ [ λO (2-β)
2 v] for parti-
cles of speed v .  The factor rS represents any A/Q-dependent power-law enhancement at 
the source, prior to transport.  For shock acceleration of impulsive suprathermal ions, it 
describes the power-law enhancement of the seed particles.  For shock acceleration of the 
ambient coronal material, S = 0.  In any case, log (X/O) varies linearly with log (Ax/Qx). 
The enhancement of abundances, relative to their coronal values depends upon 
A/Q of each species, but the values of Q depend upon the electron temperature of the 
source plasma, T.  Can we find a value of T that determines Q-values that give the ob-
served pattern of enhancements? 
1.2 Abundances and Source Temperatures 
An early attempt to deduce T from abundance enhancements was made by 
Reames, Meyer, and von Rosenvinge (1994).  They noted that in impulsive SEP events 
C, N, and O were unenhanced, like He, and were probably also fully ionized with A/Q ≈ 
2.0, while Ne, Mg, and Si formed a group that might correspond to a two-electron closed 
shell with A/Q ≈ 2.33 and Fe had A/Q ~ 3.6.  These ionization levels occur in a coronal 
temperature range of 3–5 MK.  Using more accurate modern abundance measurements, 
which included the elements from 2 ≤ Z ≤ 82, Reames, Cliver, and Kahler (2014a, 2014b, 
2015) found that nearly all of 111 impulsive SEP events had source temperatures within 
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2.5–3.2 MK apparently from coronal active regions.  Impulsive SEPs do not share flare 
temperatures, typically 10–20 MK where even Ne, Mg, and Si become fully stripped so 
that their abundances could not be enhanced relative to He, C, or O.  
A graph of A/Q vs. T for a variety of elements is shown in Figure 1.  As T 
changes, ionization states tend to linger at closed electron shells of an atom.  As tempera-
ture decreases below 3 MK, first O, then N, then C, cross from the fully-ionized shell, 
like He to the two-electron “Ne-like” shell.  In the same temperature excursion, Ar joins 
Ca, then S, Si, and then Mg cross to the “Ar-like” shell. 
Figure 1.   A/Q varies as a func-
tion of the theoretical equilib-
rium temperature for elements 
named along each curve. Data 
are from Mazzotta et al. (1998) 
up to Fe and from Post et al. 
(1977) above.  Points are spaced 
every 0.1 of log10 (T).  A/Q-
values tend to cluster in bands 
produced by closed electron 
shells; those with 0, 2, and 8 
electrons are shown, He having 
no electrons.   Elements move 
systematically from one band to 
another as temperatures change. 
The shaded band corresponds to 
active-region temperatures found 
for impulsive SEP events. 
If we wish to determine a temperature from observed enhancements, we remem-
ber that A/Q must have the same pattern as the enhancements and ask, is the abundance 
of C like He, like Ne, or between?   Is Si like Ne, or like Ar?  These patterns can uniquely 
determine the temperature.  Procedurally we can least-squares fit log(X/O) vs. log(A/Q) at 
each temperature on the grid, record the value of χ2 at each T, and select the fit and the 
value of T with the lowest χ2.  Examples of this type of analysis on gradual SEP events 
are shown and discussed in some detail by Reames (2016a) who found temperatures that 
were consistent for times throughout 45 gradual SEP events. 
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Using abundance enhancements and A/Q dependence to determine consistent 
source temperatures is a relatively new technique that can be applied widely in SEP 
events.  For impulsive SEP events it provides temperatures at the point of acceleration, 
whereas direct charge measurements in space show modification of Q when ions pass 
through material when they leave sources below ~1.5 solar radii (e.g. DiFabio et al. 
2008).  For gradual events, mean values of QFe range from 10–14 as determined by direct 
and geomagnetic measurements (see review by Klecker 2013).   These values are consis-
tent with coronal temperatures of ~1.2–2.5 MK.   However, measurements of SEP events 
are no longer available near Earth, much less at distant longitudes or for the rarer ele-
ments that we consider. 
Instruments, at remote locations in the heliosphere, which can measure abun-
dances of a large number of elements in SEP events, can now use this new technique to 
derive particle ionization states and source temperatures, a measurement that was never 
considered when these instruments were designed.  Thus we can compare element abun-
dances, probable ionization states, and source temperatures of SEP ions from the two 
spacecraft of the remote Solar Terrestrial Relations Observatory (STEREO) and the 
Wind spacecraft near Earth.  Such widely distributed direct measurements of charge 
states and temperatures would not be possible otherwise. 
1.3 Can SEP Abundances and Source Temperatures Vary with Longitude 
along a Shock? 
Particles from gradual SEP events often occupy a large fraction of the inner heliosphere.  
The spatial variation of proton and electron intensities and of their energy spectra have 
been studied widely within these events (e.g. Reames, Barbier, and Ng 1996; Reames, 
Ng, and Tylka 2012), especially with respect to the spectrally invariant region behind the 
CME called the reservoir (McKibben 1972; Roelof et al. 1992; Reames, Kahler, and Ng 
1987; Diabog et al. 2003; Lario 2010).  However, the spatial distribution of element 
abundances has primarily been studied by comparing event-averaged properties, such as 
Fe/O at different longitudes (e.g. Cohen et al. 2013). 
However, we are left with more-detailed questions.  Can the abundances or source 
temperatures of the seed population vary along the surface of the accelerating shock 
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wave?  Are such possible spatial differences erased by scattering or other modes of trans-
port?  Are variations erased across the entire spatial SEP distribution or primarily in the 
reservoir?  We compare the full pattern of SEP abundances measured at widely separated 
platforms: STEREO-Ahead (A) and -Behind (B) Earth in solar orbit, and the Wind space-
craft near Earth.  During several large SEP events, that intercept two or more spacecraft, 
we measure the relative abundances of the elements He, C, N, O, Ne, Mg, Si, S, Ar, Ca, 
and Fe using the Low-Energy Matrix Telescope (LEMT; von Rosenvinge et al. 1995) on 
Wind and the Low-Energy Telescope (LET; Mewaldt et al. 2008; see also Luhmann et al. 
2008) on STEREO.  Abundances are taken primarily from the 3.2–5 MeV amu-1 interval 
on LEMT, and the 4–6 MeV amu-1 interval of LET (S is not available on LET; data from 
http://www.srl.caltech.edu/STEREO/Level1/LET_public.html).  Abundance enhance-
ments are all measured relative to the average SEP abundances listed by Reames (2017; 
see also Reames 1995, 2014).  With 10 or 11 elements to determine the two parameters 
(slope and intercept) of the linear fit of log (X/O) vs. log (A/Q) at each temperature on the 
grid (Figure 1), in most cases we have m ≈ 8 degrees of freedom to follow the complex 
abundance patterns implied in Figure 1.  However, since LET is much smaller than 
LEMT, it requires higher intensities for measurement of the rarer elements; this limits the 
selection of events. 
1.4 Are SEP Sources Isothermal? 
As the solar wind flows out of the corona and the electron density decreases, the atomic 
electron capture and loss cross sections no longer allow changes in ionization states of 
atoms, causing “freezing in” of the ionization states.  The freezing-in occurs as the ions 
move out between ~1.5 and 5 solar radii, C and O first and heavier ions and Fe later, with 
details depending on the model.  The slow (~400 km s-1) solar wind, which most closely 
matches the abundances of SEPs, is the most difficult to model. 
Shock waves accelerate higher-energy SEPs primarily in the region of ~2–3 solar 
radii (e.g. Reames 2009), sampling the ions at each radius, without waiting for each ele-
ment’s charge states to freeze in.  While not entirely isothermal, the SEPs provide or-
thogonal information on the state of the region of solar-wind formation.  In addition, sev-
eral SEP events show the presence of two thermal components, as we shall see. 
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2. Individual SEP Events  
The STEREO spacecraft were launched in 2006, just as solar cycle 23 was ending, and 
they were widely separated from Earth when the larger SEP events of cycle 24 became 
available (see https://stereo-ssc.nascom.nasa.gov/where.shtml for locations).  We con-
sider well-resolved individual events with sufficient SEP intensities for abundance meas-
urements on two or more spacecraft.  Such events are somewhat rare.  
2.1 The Event of 19 January 2012 
Properties of the gradual SEP event of 19 January 2012 are shown in Figure 2.  The pan-
els show the time history of He, O, and Fe at the two spacecraft (lower left), of the en-
hancement in Fe/O (center left), and of the derived daily-averaged best-fit source plasma 
temperatures at Wind and STEREO B (upper left).  Daily averages are required, espe-
cially for the much-smaller-geometry STEREO LET, to accumulate a sufficient sample 
of the rarer heavy ions.  For each temperature measurement in the upper-left panel, a 
curve of χ2 /m vs. T that determined it is shown in the upper right panel with the corre-
sponding symbol and color.   The lower-right panel samples three days of best-fit en-
hancements vs. A/Q data and fits for STEREO B.  The locations of the two spacecraft 
relative to the CME longitude are shown above the figure with spiral field lines shown 
for the typical solar wind speed early in the event. 
The detailed analysis procedure used for Figure 2 and related figures is as fol-
lows:  For each spacecraft on each day the average abundances of the 10 or 11 elements 
are measured and divided by the average coronal abundances (Reames 2017; see also 
Reames 1995, 2014) to produce observed enhancements.  Since A/Q varies with tempera-
ture, each set of observed enhancements is fitted against the corresponding set of log A/Q 
for each of the 11 logarithmically-spaced temperature values from 0.8 to 8 MK to obtain 
the slope and intercept in log-log space and the χ2 /m value of each fit.  For the 20 Janu-
ary 2012 event in Figure 2 we analyze 2 spacecraft ˟ 3 days ˟ 11 temperatures = 66 fits.  
For each day and each spacecraft, a plot of χ2 /m vs. T is shown in the upper right panel of 
Figure 2.  The best-fit temperature of the minimum (or minima) of χ2 /m vs. T  for each 
spacecraft and day is plotted at the appropriate time in the upper left panel of Figure 2 
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using the same color (day) and symbol (spacecraft) that was used in the corresponding   
χ2 /m vs. T  plot (2 spacecraft ˟ 3 days = 6 curves).  Since it is not practical to plot all 66 
fits of enhancement vs. A/Q, each involving 10 or 11 data points, the lower right panel 
shows selected best-fit lines and data of enhancement vs. A/Q; for Figure 2 this panel 
compares the best fits for STEREO B on each of 3 days, with colors corresponding to 
those in the upper-left and upper-right panels – showing minimal time dependence.   The 
dates are also listed in the appropriate color in the lower-right panel.  Analysis of other 
SEP events is displayed in figures similar to Figure 2. 
Best-fit temperatures in Figure 2 are in the range of 1.3–1.6 MK at both spacecraft 
throughout the event.  An exception is on 21 January at STEREO B where the plot of 
χ2/m has double minima indicating two temperatures: one minimum at 1.6±0.4 MK and 
another at 4±1 MK.  This may indicate the presence of two thermal components; we will 
see a better example in a later event.  The LET at STEREO B has poor statistical meas-
urements of Ar and Ca at this time, so the difference between 1.6 and 4 MK depends 
upon whether the elements N and O are Ne-like or He-like in their enhancements. 
Apart from the 4-MK-measurement, the best-fit temperature at STEREO B is 
1.6±0.2 MK while that at Wind is 1.26±0.15 MK, but this difference is just the spacing of 
the temperature grid and is hardly significant. 
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Figure 2.  The 19 January 2012 SEP event is shown for STEREO-B (filled) and Wind (open symbols): (a) 
the intensities of He, O, and Fe vs. time, (b) the enhancements of Fe/O vs. time, (c) the derived source tem-
peratures, T vs. time, (d) χ2/m vs. T, color coded for each spacecraft and time, and, (e) enhancement vs. A/Q 
fits for three days at STEREO-B. The spacecraft locations relative to the CME are shown above. 
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While the quality of the fit of enhancement vs. A/Q can be judged from χ2 and 
from the sample fits in the lower-right panel of Figure 2, it is instructive to show how the 
measured enhancements map onto the theoretical distribution of A/Q vs. T at the best-fit 
temperature.  Such a plot is shown as Figure 3.  The mapping uses the best-fit slope and 
intercept for that spacecraft on that day to relate log (X/O) to log (A/Q).  Similar com-
parisons were shown during a large number of events for data from Wind (Reames 
2016a). 
Figure 3.  Measured values of en-
hancements, X/O at STEREO-B on 20 
January 2012, are mapped into the 
theoretical A/Q vs. T at 1.6 MK using 
the best-fit parameters.  
 
 
 
 
 
 
 
 
 
 
 
 
2.2 The Event of 23 January 2012 
The event of 23 January 2012 immediately follows the one that we have just con-
sidered, and it is large enough to provide adequate measurements on all three spacecraft.  
Figure 4 shows a comparison and analysis of Wind and STEREO-A while Figure 5 com-
pares Wind and STEREO-B and shows an analysis of STEREO-B data. 
 
Spatial Distribution of Abundances in SEP Events – Reames – accepted by Solar Physics 
 11 
 
Figure 4. The 23 January 2012 SEP event is shown for STEREO-A (filled) and Wind (open symbols): (a) 
the intensities of He, O, and Fe vs. time, (b) the enhancements of Fe/O vs. time, (c) the derived source tem-
peratures, T vs. time, (d) χ2/m vs. T, color coded for each spacecraft and time, and, (e) enhancement vs. A/Q 
fits are compared for STEREO-A and Wind on 25 January 2012. The spacecraft locations relative to the 
CME are shown above. 
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Figure 5. The 23 January 2012 SEP event is shown for STEREO-B (filled) and Wind (open symbols): (a) 
the intensities of He, O, and Fe vs. time, (b) the enhancements of Fe/O vs. time, (c) the derived source tem-
peratures, T vs. time at STEREO-B, (d) χ2/m vs. T, color coded for time at STEREO-B, and, (e) enhance-
ment vs. A/Q fits for three days at STEREO-B. The spacecraft locations relative to the CME are shown 
above.  Temperatures are poorly defined at STEREO-B for this SEP event. 
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The analysis of the data in Figure 4 shows a relatively consistent temperature ≈ 
1.6±0.4 MK determined at both Wind and STEREO-A.  The elements He and Mg do not 
fall on the fitted curve well, but the results are generally consistent. 
When we get to STEREO-B in Figure 5, however, the comparison fails.  The 
STEREO-B temperatures are erratic, the plots of χ2 are unconvincing, and the power-law 
behavior seems to be missing.    STEREO-B is far to the east of Wind but the event tim-
ing clearly indicates we are observing the same event.  What can be wrong? 
In Figure 6 we show the directly observed enhancement vs. Z on each day at each 
spacecraft.  These distributions all seem to peak at Mg and cannot really be power-law in 
A/Q.  Enhancements are flat or rising with Z below Mg and falling above.  However, all 
of these non-power-law distributions are similar in character and can be credibly associ-
ated with the same processes seen by each spacecraft.  Note also that these distributions 
differ from the pre-event distributions which are those from the 19 January 2012 event.  
Figure 6.  Enhancements of each element vs. Z on three days at each spacecraft. All of the distributions 
peak at Z = 12 (Mg) and cannot truly be power law in A/Q, yet they are all similar in this way. 
Can the break at Mg be caused by some specific magnetic rigidity?  To test this 
we compare the distributions of 2.5 – 3.2, 3.2 – 5 and 5 – 10 MeV amu-1 at Wind in Fig-
ure 7. 
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Figure 7.  Enhancements vs. Z for three days are compared for three energy intervals at Wind. 
The suppression of Fe increases with energy, and with time, in Figure 7.  This 
may result from a spectral break at a break energy that varies as Q/A, as suggested by 
Tylka and Lee (2006).  The break energy could begin at ~3 MeV amu-1 for Fe, but above 
10 MeV amu-1 for elements Mg and below.  In any case, this break destroys the tempera-
ture fit.  Nevertheless, the entire 222o sweep of the event seems to have a similar unique 
enhancement-distribution pattern, one that was not present in the event that immediately 
preceded it. 
2.3 The Event of 17 May 2012 
The SEP event of 17 May 2012 was seen at Wind and STEREO A and is shown in Figure 
8.   This event was a ground-level event (GLE) at Earth, meaning that the intensities of 
GeV protons exceed those of galactic cosmic rays and secondary particles from nuclear 
reactions in the atmosphere could be measured at ground level for this event.  Corona-
graph images of the CME and shock have been studied by Gopalswamy et al. (2013).   
On 18 and 19 May 2012, Wind records temperatures of 1.0±0.5 MK while 
STEREO-A finds 1.6±0.2 MK, different, although not statistically significant.  The sup-
pression of Fe is fairly small at Wind so there is not much leverage vs. A/Q to allow 
measurement of T, and thus the minimum in χ2 is shallow.  The suppression of Fe at 
STEREO-A is quite strong, but the intensities are not large. 
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Figure 8. The 17 May 2012 SEP event is shown for STEREO-A (filled) and Wind (open symbols): (a) the 
intensities of He, O, and Fe vs. time, (b) the enhancements of Fe/O vs. time, (c) the derived source tempera-
tures, T vs. time, (d) χ2/m vs. T, color coded for each spacecraft and time, and, (e) enhancement vs. A/Q fits 
are compared for STEREO-A and Wind on 19 May 2012. The spacecraft locations relative to the CME are 
shown above. 
2.3 The Event of 31 August 2012 
An analysis of the event of 31 August 2012 is shown in Figure 9.  
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Figure 9. The 31 August 2012 SEP event is shown for STEREO-B (filled) and Wind (open symbols): (a) 
the intensities of He, O, and Fe vs. time, (b) the enhancements of Fe/O vs. time, (c) the derived source tem-
peratures, T vs. time, (d and e) χ2/m vs. T, color coded for time, for (d) STEREO-B and (e ) Wind, and, (f) 
enhancement vs. A/Q fits for early and late days at STEREO-B. The spacecraft locations relative to the 
CME are shown above. 
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This event finally shows significant differences in temperature between the two 
spacecraft early in the event which fades away later.  On the first three days of September 
2012, temperatures found at Wind were consistently 1.6±0.2 MK followed by 1.26±0.1 
MK on 4 September 2012.  Meanwhile the temperature seen at STEREO-B begins at 
3.2±0.8 MK on 1 September 2012, shows double minima, a strong one at 4.0±0.5 and a 
very weak one at 1.6±0.2 MK, on 2 September 2012, becomes 2.5±0.8 MK on 3 Septem-
ber, and finally comes to 1.6±0.3 MK on 4 September 2012, as seen in the upper-left 
panel of Figure 9. 
Thus we see hot material, possibly impulsive suprathermals, at the eastern-most 
spacecraft and cooler material west of central meridian.  As the CME emerges and the 
Sun rotates both particle populations are seen at STEREO-B, and then mostly cooler ma-
terial.  Both spacecraft may even be in a reservoir beginning near 1200UT on 2 Septem-
ber 2012, but the intensities are not exactly equal and the temperatures differ. 
Note in the lower-right panel of Figure 9 that the patterns of enhancement at 
STEREO-B are much different on the 1st and 4th of September 2012.  Not only the slopes 
of the fit, but O is near He on the 1st but well separated on the 4th, corresponding to the 
different temperature.  In Figure 10 we compare the patterns of enhancements at the two 
spacecraft on the 1st of September 2012 with the theoretical values. 
Figure 10. Measured values of enhance-
ments, X/O at Wind and STEREO-B on 1 
September 2012, are mapped into the theo-
retical plot A/Q vs. T at 1.6 MK and 3.2 MK, 
respectively, using the best-fit parameters.  
These measurements correspond to different 
source plasma temperatures at different loca-
tions in space at the same time during the SEP 
event. 
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Enhancements in the 1.6 MK plasma at Wind show: C down with He, N and O 
enhanced like Ne and Mg, but Si above them.  At STEREO-B, C and O are actually be-
low He, while Mg and Si are under-enhanced, yet Ne is over-enhanced.  Large Ne en-
hancements, exceeding those of Mg and Si, are a signature of impulsive SEP events and 
impulsive suprathermal ions (Reames, Cliver, and Kahler 2014a; Reames 2015) although 
this enhancement of Ne is quite large.  
3. Summary  
In this study, we have found several well-resolved SEP events that were sufficiently ex-
tensive and intense that we could measure abundances of multiple elements, so as to de-
fine source plasma temperatures for several days at two or more spacecraft.  We find the 
following:  
i) One case, 31 August 2012, shows clear and persistent differences in abundances 
and source temperatures, 3.2±0.8 to the East and 1.6±0.2 to the West.  The difference di-
minishes in three days, perhaps aided by CME expansion. 
ii) In one case, 23 January 2012, the source temperature appears to be ~1.6 MK, 
but a strong non-power-law abundance component disrupts the measurement, especially 
at STEREO-B.  Nevertheless, this unique abundance pattern is seen at all three spacecraft 
over 222o of solar longitude for three days.  
iii) In the remaining two cases, abundances and temperatures are statistically con-
sistent across a broad spatial distribution within ~25% measurement resolution.  Another 
substantial spatial difference is possible, but cannot be proven.  The event of 17 May 
2012 shows a temperature that is 1.6±0.2 MK at STEREO A, to the west of the CME 
source but 1.0±0.5 MK at Wind to the east, but the errors overlap. 
In general, we can only derive temperatures when there are abundance enhance-
ments or suppressions, the larger the better, and not when abundances approach the refer-
ence abundances. We have also seen an example of non-power behavior, which disrupts 
the measurement. 
The temperature that we determine is the electron temperature at the location 
wherever the dominant A/Q-dependence is determined.  For temperatures <2 MK, it is the 
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average electron temperature of the coronal plasma accelerated directly by the shock 
wave.  For 2 < T < 4 MK, it is likely to be the electron temperature of the plasma in the 
reconnection region of the jets that produced the impulsive suprathermal ions that were 
later accelerated by the shock.  In either case, this technique begins to provide new in-
formation on SEP ionic charge states and temperatures that would be completely unavail-
able otherwise. 
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